Summary. The pancreatic cell line 13TC1, established from insulinomas of transgenic mice carrying a hybrid insulin-promoted large T antigen gene, has retained several characteristics of normal cells, including the insulin content and inducibility of insulin secreting by glucose. We show here that the growth of ~3TC1 cells is arrested in low serum-concentration medium. Cells exposed for three days to 0.25% fetal calf serum ceased to incorporate [3H] thymidine but were still able to resume the cell division cycle upon addition of serum. In this cell line, we have determined by cytofluorometry the cell cycle kinetic parameters to be of 21 h, 10 h 30 min and 12 h for the G1, S and GJM phases, respectively. Quiescent [3TC1 cells constitutively expressed the protooncogene c-jun that codes for the transcriptional factor AP1, as well as cdc2, another cell cycle-related gene. A large transient increase in the expression of the c-los gene was obtained rapidly, 30 min after addition of serum and a similar increase in c-jun expression after one hour. Expression of the cdc2 gene was also enhanced to a lesser extent. The same effects were also observed in the presence of cycloheximide, thus proving that the expression of these three genes is directly stimulated by serum growth factors. Consequently, quiescent [3TC1 cells provide a good model for studying the short-and long-term effects of growth factors on B eta-cell proliferation.
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It is of crucial importance to understand the mechanisms which control the Beta-cell mass, since the insulin deficiency observed in Type i (insulin-dependent) diabetes mellitus is associated with the destruction of insulin-secreting cells and little is known about the mechanism of Beta-cell renewal. Most of the studies on G1 events and regulation of cell proliferation have been carried out with fibroblasts and with haematopoietic cells [1] . The results show that the regulation of cell proliferation differs according to the cell type. In the pioneering work of Swenne [2] , the analysis of the Beta-cell cycle was approached using fetal islets cultured in vitro. Fetal Beta cells were shown to have a high proliferative capacity [2] . Those results and the finding that Beta cells can be induced to reenter the cell cycle by appropriate environmental signals [3] represented a considerable advance in the understanding of Beta-cell function. The recent development of insulin-producing cell lines such as those obtained from hamster insulinoma tumours (HIT cells) [4] , from rat insulinoma (RIN cells) [5] , rat transplantable islet cell tumour (CRI cells) [6] or SV40 T-Antigen transgenic mouse (IgSV195) [7] provides remarkable new models for the study of Beta-cell regulation. We have used the 13TC1 cell line recently established by Efrat et al. [8] from insulinomas of transgenic mice carrying a hybrid insulin-gene: large T antigen of simian virus 40 under the control of the rat insulin II promoter; this cell line retains morphological characteristics of pancreatic Beta cells. 13TC1 cells were shown to synthesize and release insulin [8] and to stimulate DNA synthesis upon glucose stimulation [9] . In this work we have determined the conditions under which [3TC1 cells become quiescent through depletion of serum and the subsequent resumption of the cell division cycle upon external stimulation.
Materials and methods

Materials
Dulbecco's modified minimum essential medium (DMEM) was obtained from Intermed (Noisy le Grand, France). Fetal calf serum (FCS) was from Boehringer Mannheim (Meylan, France).
[3H] thymidine was purchased from Amersham (Les Ulis, France). Plateletderived growth factor was obtained from Collaborative Research Inc, (Bedford, MA, USA). Other chemicals were of reagent grade.
Cell culture
[3TC1 cells were kindly supplied by D. Hanahan and routinely cultured in DMEM medium (25 mmol/1 of glucose) supplemented with 8% FCS, 100 U/ml penicillin and 100 mg/ml streptomycin. They were plated at about 10% confluence and passed once a week when [8] . The medium was changed every two to three days. We have ensured that ~TC1 cells retain their ability to respond to glucose by insulin secretion [8] . During all experiments the glucose concentration was kept to 25 mmol/1.
Measurement of the rate of DNA synthesis
For studies of mitogenic effects, cells were seeded in Coming 24-well dishes (180 000 cells/well in 1 ml volume) in medium supplemented with 8% FCS. The cells were washed twice with 1 ml of serum-free medium 24 h after seeding. The latter was replaced with a medium containing 0.25% fetal calf serum for three days, unless otherwise stated. After serum deprivation, the cells were stimulated by serum or mitogenic factors in the presence of [3H] thymidine (1 gCi) for the following 24 h. Incorporation of the labelled precursor into DNA was terminated by adding three drops of 1 mol/1 ascorbic acid [10] . Cells were washed twice with cold phosphate-buffered saline (PBS), twice with cold 5% trichloroacetic acid (TCA), and solubilized in 0.3 ml of 0.1 mol/1NaOH, 0.1% SDS. An aliquot (0.25 ml) of the solubilized cells was mixed with 5 ml of Aqualyte Scintillation Liquid (JT Baker B. V., D eventer, The Netherlands) and counted in an LKB beta-spectrometer.
587 5 x Denhardt's, 0.1% SDS and 50% formamide, according to Maniatis et al. [12] . The blots were then washed twice in 2 x SSC, 0.1% SDS for 15 min at room temperature, for I h at 45 ~ in the same buffer and then for 30 min in 0.1 x SSC, 0.1% SDS at 45 ~ Blots were exposed to X-ray films (Kodak XAR5) with intensifying screens (Dupont Cronex type Quanta III, Euromedica, Paris, France) at -80 ~ Exposure time varied from overnight to five days.
Probes
The probes were rat c~-tubulin cDNA [13] ; BgI II-Pvu II fragment of FBJ provirus (v-los) [14] ; 3rd exon of human c-myc probe [15] ; mouse cdc2 cDNA (kindly provided by P.Nurse) and RJA1 clone corresponding to mouse c-jun cDNA [16] .
Flow cytometry analysis (FCM)
Exponentially growing cells (10.106 cells) were stained in the culture dish for 1 h with 5 gg/ml Hoechst 33342 (Sigma, La Verpilli6re, France) at 37 ~ in standard culture medium [17] . After washing in PBS buffer containing 1. 
Analysis of RNA
For RNA extraction, 25.106 cells were seeded in 100 mm Petri dishes (5.106 cells/dish). Twenty four hours after seeding, the cells were washed twice with serum-free medium and rendered quiescent by incubation in 0.25% FCS-containing medium for three days. After the treatment described in the figure legends, cells were chilled on ice, washed once with cold PBS and total RNA was isolated using the Li-C1/urea precipitation procedure described by Auffray and Rougeon [11] . Twenty micrograms of total RNA was denatured in 2.2 mol/1 formaldehyde for 10 min at 60 ~ fractionated by electrophoresis in formaldehyde 2.2 mol/1 agarose 1% gel, transferred onto a nitrocellulose filter, fixed by heating at 80 ~ and hybridized overnight at 42~ with 3Zp-labelled probes (labelled by Multiprime, (Amersham) to a specific activity of 2-4-109 dpm/gg) in 5 x SSPE,
Results
Arrest of flTC1 cell growth in medium containing low serum concentrations
Serum deprivation for two to three days was required to arrest [3TC1 cell growth (Fig. 1 ). Channel number (relative fluorescence intensity) The time dependence of JaN] thymidine incorporation is shown in Figure 2 . The stimulation of [3HI thymidine incorporation was already detected 14 h after serum addition, maximal stimulation being observed at 23 h. The incorporation decreased afterwards. In the control cells the [3H] thymidine incorporation remained very low throughout the experiment (Fig.2) . As described by Swenne, the width of the first DNA synthetic wave (measured at a height of 50% of the peak value), can be used as an index of the mean S phase duration [2] . In f3TC1 cells the length of the S phase can be roughly estimated to about 10 h.
Kinetics of the flTC1 cell cycle
The duration of each phase of the ~TC1 cell cycle was determined in two steps by cytofluorometry of exponentially growing cells (Fig. 3) . In the first step, the selected populations were synchronized in the different phases of the cell cycle and then replated (see Materials and methods). In the second step, the replated cells were analysed at different time intervals after replating. The duration of a given phase was defined as the minimum time for all the cells to leave this phase. The G1 phase was the longest phase of the f3TC1 cell cycle (Fig. 3) . Seven hours after replating, only a small number of cells had moved from the G1 to the S channels (Fig. 3, G1 , top) and after 10 h about 50% of the cells were still in G1 (Fig. 3, G1 , middle). All the cells had left the G1 phase 21 h after replating (Fig. 3, G1 , bottom). The S phase was more rapid: as soon as seven hours after replating, about one-third of the population had shifted to the G2/M channels (Fig. 3, S, top) . The S phase was completed after 10 h 30 min (Fig. 3 , S, bottom), confirming the length of 10 h estimated in the [3H] thymidine experiment. Six hours after reseeding, nearly all cells synchronized in GJM were remaining in their initial channels (Fig. 3 , GjM, top) but after one additional hour, a large proportion of cells had left the GJM channels (Fig. 3 , G2/M, middle). Twelve hours after replating, all the cells had left the G2/M channels and entered the next G1 phase (Fig.3, GJM, bottom) . We conclude that the lengths of the different phases of the [3TC1 cell cycle are 21 h. 10 h 30 rain and 12 h for the G1, S and GJM phases, respectively. The complete generation time of the ~3TC1 cells is therefore 42 to 43 h, which is consistent with the doubling time of 45 h calculated from typical growth curves (data not shown) 9
Dispensability of platelet growth factors for flTC1 cell growth
In order to determine the involvement of platelet factors in the resumption of the [3TC1 cell cycle, cells were rendered quiescent by serum depletion, and then submitted to various concentrations of human adult platelet-poor plasma or serum. Figure 4 A shows that both the serum and plasma were highly mitogenic in f3TC1 cells. Their effects were similar throughout the concentration range studied (0.25 to 8%). Furthermore, purified plateletderived growth factor (PDGF, 1 U/ml), in the presence of 
Expression of cell cycle-related genes
The initiation of the cell division cycle is correlated to the enhanced expression of specific genes [1] . The time course for the stimulation of these cell cycle-related genes was analysed in the early phase of serum induction. RNA from quiescent [3TC1 cells was extracted immediately (lane 0), 30 min or 1 h after addition of serum (Fig. 5) . Cycloheximide has been reported to superinduce seve r n early genes by stabilizing the corresponding mRNAs and preventing the down-regulation of transcription by the protein products [20, 21] . Furthermore, cycloheximide allows the analysis of the direct effects of serum on cell cycle-related gene expression. We therefore treated quiescent [~TC1 cells for 2 h with cycloheximide (1 gg/ml) with nothing (lane 1) or with 8% serum (lane 2). The cellular RNAs were hybridized with the radioactive probes as shown in Figure 6 . The cell cycle-related genes c-los, c-jun and cdc2 were expressed at a low level in the cycloheximide-treated cells in the absence of serum. The c-myc m R N A was hardly detectable. In addition, serum induced the accumulation of m R N A corresponding to the cell cycle-related genes c-los and c-jun (lane 2). Superinduction by cycloheximide was also observed for the cdc2 mRNA, and was more unexpected for a gene known to be induced in the cell cycle much later than c-fos and c-jun [22] . Only a very slight induction of the c-rnyc m R N A occurred in the cells treated with cycloheximide and serum (lane 2).
Discussion
The data presented in this report were obtained with pancreatic ~TC1 cells. This cell line was established by Efrat [8] from insulinomas derived from transgenic mice carrying hybrid insulin-promoted SV40 large T antigen. These cells possess characteristics of differentiated normal Beta cells [8] . Although their insulin content is somewhat lower than that of Beta cells in cultured mouse islets, they have retained the glucose-induced insulin secretion and express high steady state levels of insulin m R N A [8, 9] . We have established the conditions of serum depletion [29] . The constitutive expression of the cdc2 gene, a homologue of a fission yeast cell division cycle gene, is also of interest since this gene is known to be expressed at a later stage in the ceil cycle (end of the Q1 phase), its protein product becoming operational in G2 [22, 30] . The increase of the cdc2 signal observed in serum-pulsed cells in the presence of cycloheximide suggests that in f3TC1 cells, the expression of the cdc2 gene might be directly regulated by growth factors.
The c-rnyc mRNA was not detectable in quiescent or serum-stimulated cells; in the presence of cycloheximide, only a very weak induction of this mRNA was observed with serum. In contrast, c-myc has been shown to be strongly expressed in RIN cells [31] . These results suggest that the regulation of the expression of the c-myc gene does not play a pivotal role in the onset of f3TC1 cell division cycle.
We have determined the ~TC1 cell cycle parameters to be of 21 h, 10 h 30 min and 12 h for the G1, S and GJM phases, respectively. The complete 13TC1 cell cycle is therefore of 42 to 43 h. Swenne's elegant work using fetal rat islets which have a large proportion of proliferative Beta cells defined for the first time in vitro, the cell cycle kinetics of Beta cells in islets [32] . The cell cycle synchronization was achieved by treatment with hydroxyurea, a drug that collects the cells at the G1/S boundary. The length of the G1 phase was 2.5 h, of S, 6.4 h, of G2, 5.5 h and of M, 0.5 li [32] . In the [3TC1 cell line, the duration of the S and G j M phases are about twice those determined by Swenne in fetal rat islets. The discrepancy in the timing of events of the [3TC1 cell cycle as compared to fetal rat islets essentially resides in the duration of the G1 phase which is about 8 to 9 times longer in the [3TC1 cells than in the fetal islets. There may be an increase in the length of the G1 phase with age, according to Swenne [33] . Moreover, as recently reviewed by Pardee, the duration of G~ might be reduced in embryonic cells [1] . While it is not clear that one can extrapolate from fetal rat islet cells to immortalized mouse Beta cells, our results suggest that in view of the cell cycle kinetics, the ~TC1 cells behave more like adult cells rather than fetal cells.
Islets in culture constitute invaluable models for identifying substances likely to be physiologically relevant, and this system has permitted the detection of the mitogenic effect of growth factors such as growth hormone [34, 35] and insulin-like growth factor I [36, 37] . Growth factors which are responsible for the resumption of the cell cycle in [3TC1 cells have not yet been identified. Preliminary experiments suggest that growth factor effects are not coupled to a cyclic AMP-dependent signal. The results of electroporation of fetal rat islets with several oncogene constructs by Welsh et al. [38] suggested that a mitogenic response occurred when islet cells were transfected with an oncogene (v-src) coding for a protein with a tyrosine kinase activity. PDGF is known to induce the state of competence in fibroblasts, i.e. the capacity to respond to platelet-poor plasma [39] and may have been a good candidate for promoting this response since Swenne et al. showed that PDGF doubled fetal rat islet DNA synthesis [40] . However, Welsh et al. have shown that adult Beta cells require transfection with the gene coding for the B-type PDGF receptor to acquire responsiveness to PDGF [41] . Accordingly, quiescent [3TC1 cells were insensitive to PDGF and responded to low concentrations of platelet-poor plasma with the same efficiency as to serum, in contrast with fibroblasts. It therefore seems unlikely that [3TC1 cells require PDGF as a competence factor to progress towards DNA synthesis. Our results do not exclude however that other competence factors could be present in platelet-poor plasma. Alternatively the genetic events that have led to the transformation of 13TC1 cells may have rendered them independent of PDGF, as described for other transformed cell lines [42] . Moreover, the higher rate of [3HI thymidine incorporation either with human plasma or serum, as compared to fetal calf serum suggests that other factors or nutrients might be advantageous for [3TC1 cell growth. [3TC1 cells obtained in the quiescent state and subsequently stimulated by growth factors, provide a good model for studying the short-term effects of purified growth factors, measured by c-fos expression, and their long-term effects measured by DNA synthesis and expression of genes appearing later in the cell cycle.
